GH Lee et al.
Abstract
Objectives. Paediatric and adolescent patients in need of allogeneic haematopoietic stem cell transplantation (HSCT) generally receive stem cells from older, unrelated or parental donors when a sibling donor is not available. Despite encouraging clinical outcomes, it has been suggested that immune reconstitution accompanied by increased replicative stress and a large difference between donor and recipient age may worsen immunosenescence in paediatric recipients. Methods. In this study, paired samples were collected at the same time from donors and recipients of haploidentical haematopoietic stem cell transplantation (HaploSCT). We then conducted flow cytometrybased phenotypic and functional analyses and telomere length (TL) measurements of 21 paired T-cell sets from parental donors and children who received T-cell-replete HaploSCT with posttransplant cyclophosphamide (PTCy). Results. Senescent T cells, CD28 À or CD57 + cells, were significantly expanded in patients. Further, not only CD4 + CD28 À T cells, but also CD4 + CD28 + T cells showed reduced cytokine production capacity and impaired polyfunctionality compared with parental donors, whereas their TCR-mediated proliferation capacity was comparable. Of note, the TL in patient T cells was preserved, or even slightly longer, in senescent T cells compared with donor cells. Regression analysis showed that senescent features of CD4 + and CD8 + T cells in patients were influenced by donor age and the frequency of CD28 À cells, respectively. Conclusion. Our data suggest that in paediatric HaploSCT, premature immunosenescent changes occur in T cells from parental donors, and therefore, long-term immune monitoring should be conducted.
INTRODUCTION
Haploidentical haematopoietic stem cell transplantation (HaploSCT) has been used worldwide over the past two decades in cases where a HLA-matched donor is not available. 1 The innovative development of post-transplant highdose cyclophosphamide (PTCy) to prevent graftversus-host disease (GVHD) has made HaploSCT simpler and safer to conduct by selective elimination of alloreactive T cells. Recently, HaploSCT with PTCy has shown promising clinical outcomes in both children and adults. [2] [3] [4] [5] The clinical outcome of haematopoietic stem cell transplantation (HSCT) is greatly impacted by the speed and success of immune cell reconstitution, which is achievable through marked proliferation of donor HSCs after infusion. [6] [7] [8] [9] However, this process is unavoidably accompanied by replicative stress and accelerated telomere shortening in the immune cells of adult recipients. [10] [11] [12] Considering that replicative stress is a potent driver of cellular senescence [13] [14] [15] , rapidly proliferating cell types, such as T cells, are particularly susceptible and this can result in dysfunctional immune responses and fundamentally affect the health and survival of individuals. 16 It has been established that senescent T cells have the ability to produce large quantities of proinflammatory cytokines and cytotoxic mediators and are closely associated with a variety of deleterious health-related outcomes. 17, 18 Moreover, enhanced homeostatic T-cell proliferation to compensate for lymphopenia contributes to premature immune ageing, which is an important risk factor for many ageing-associated chronic inflammatory disorders. [19] [20] [21] Paediatric and adolescent patients requiring HSCT generally receive stem cells from an older person when a matched sibling donor is not available. With regard to HaploSCT in children, parents are the most accessible donors and are usually 25-35 years older than the patients. However, it is not known whether this age difference causes adverse clinical effects or whether the immune cells originated from older donors are functionally well maintained after reconstitution. Specifically, the ageing status, or presence of immunosenescent features, of T cells in paediatric patients who receive HaploSCT from a parental donor is poorly characterised. Given that more paediatric patients undergoing HSCT have become long-term survivors, owing to improvements of clinical practices of transplantation and supportive care, long-term monitoring of their immunologic recovery and maintenance is now necessary.
In the present study, we investigate whether patients who received T-cell-replete HaploSCT with PTCy from parental donors have immunosenescent alterations or functional defects of their reconstituted T cells. We also sought to examine whether which parameters contribute to the immunosenescent features of patient cells.
RESULTS

Patient characteristics and clinical outcomes
Clinical characteristics of the patients are summarised in Table 1 . Fourteen paediatric, adolescent and young adult patients with malignant disease and seven with nonmalignant disease were included with a median posttransplantation period of 16.9 months (range, 12.4-38.8). The median area under the curve of the total infused busulfan was 73 984 lg 9 h L À1 (range, 67 302-76 887). All patients achieved engraftment. The median number of neutrophil and platelet engraftment days was 14 (13-21 days) and 26 (13-87 days), respectively. With the exception of two, all patients experienced cytomegalovirus reactivation, which was treated by ganciclovir induction therapy who had cytomegalovirus antigenemia levels ≥ 10 per 100 000 cells (n = 4) or half-dose preemptive therapy (n = 15). 22 No patients showed cytomegalovirus disease or post-transplantation lymphoproliferative disease. Acute GVHD above grade 2 occurred in five patients (23.8%), grade 2 in four patients and grade 3 in one patient. The signs and symptoms of acute GVHD in all patients were resolved by treatment with systemic methylprednisolone. Extensive, chronic GVHD developed in three patients. Cyclosporine and prednisolone were used in two patients for 7 and 12 months, respectively. For the remaining patient, mycophenolate mofetil plus prednisolone was used for 8 months because of post-transplant thrombotic microangiopathy.
Resolution of chronic GVHD was achieved in all patients. With a median follow-up of 16.9 months (range, 12.4-38.8) after transplantation, all patients survived without evidence of chronic GVHD or relapse.
Accumulation of CD28 À T cells and CD57 + T cells in peripheral blood of young HaploSCT recipients
Reconstituted T cells in HaploSCT recipients may be prone to premature ageing as a result of the transplantation of immunologically aged cells from parental donors, which then experience replicative stress in order to restore the immune system. To test this hypothesis, we first analysed phenotypic features using paired T cells from the patients and donors ( Figure 1 ). The frequency of CD3 + T cells was similar; however, the ratio of CD4 + to CD8 + T cells (1.37 AE 0.20) was significantly decreased in patients compared with donors (2.98 AE 0.46) (Figure 1a , b).
One of the major age-related changes in T cells is the progressive reduction of naive T cells accompanied by an expansion of effector memory cells. [23] [24] [25] In humans, functional T-cell subsets are defined by expression of CD45RA and CCR7. 26 Analysis of the distribution of functional T-cell subsets ( Figure 1c ) revealed that transplant patients had a lower frequency of naive CD8 + T cells and CM subsets in both the CD4 + and CD8 + populations compared with donors. Conversely, the frequency of EMRA (effector memory cell reexpressing CD45RA) of CD8 + T cells tended to increase in recipients, suggesting that paediatric patients undergo age-related changes in the distribution of T-cell subsets, which are even more marked than that of parental donors, despite age differences of approximately 30 years. There were no significant differences in the other subsets between patients and donors. Loss of CD28 is a typical feature of senescent T cells, is caused by repeated cell division, 17, [27] [28] [29] and progressively increases with age. Moreover, CD28 À T cells concomitantly acquire CD57 and CD85j, which are associated with modulation of their functional activity. 23, [30] [31] [32] [33] In Figure 1d , we show that the patients had higher frequencies of CD28 À and CD57 + subsets of both CD4 + and CD8 + T cells compared with parental donors. In contrast, the frequency of CD85j + cells in patients was either similar or decreased compared to donors ( Figure 1e ). In healthy individuals, senescent CD28 À T cells mostly co-express CD57 and CD85j molecules 30 ; however, this mutually exclusive expression pattern was not apparent in the T cells of the patients (Figure 1f ). Rather, they exhibited increased CD28 + CD57 + and CD28 À CD57 À T cells, which are atypical subsets of healthy donors. 34 Of interest, senescent CD28 À or CD57 + subsets of CD8 + , but not of CD4 + , T cells significantly decreased with time after transplantation ( Figure 1g ). These findings show that transplant patients have a higher frequency of phenotypically senescent T cells than parental donors, despite the considerably younger age of the patients.
The cytokine production profile of accumulated CD28 À T cells in patients
There is a growing body of research on the functional defects of senescent CD28 À and CD57 + T cells in the elderly. 18, 27, 29, 35, 36 To investigate whether the increased population of CD28 À T cells in the patients in this study exhibit functional defects, we first examined cytokine production and cytotoxicity of T cells. Cytokine production was partially impaired in CD4 + , but not CD8 + , T cells of patients compared with donors ( Figure 2a -c). The frequency of PMA/ionomycininduced IFN-c, TNF-a and MIP-1b-producing CD4 + T cells was significantly lower in HaploSCT recipients. A similar trend was observed in CD4 + T cells stimulated with anti-CD3.
Considering that of CD4 + T cells, CD28 À cells are the main producers of IFN-c, we further analysed cytokine production by assessing CD28 + and CD28 À T cells to explore whether impaired cytokine production is attributable to senescence in CD28 À T cells (Figure 2d , f). As expected, CD28 À T cells produced more substantial amounts of IFN-c and TNF-a upon stimulation than did CD28 + T cells, and the frequency of IFN-c and TNFa-producing cells was diminished in CD4 + CD28 À T cells of patients compared with donors ( Figure 2e ). However, the frequencies of IFN-c and TNF-a-producing cells were significantly reduced in CD4 + CD28 + T cells of patients as well; however, there was only a slight reduction in production of these cytokines by CD8 + T cells. Although the frequency of CD8 + CD28 À T cells diminished gradually in transplant patients during the posttransplantation period (Figure 1g ), the frequency of cytokine-producing cells among CD28 À cells was not altered (Figure 2g ). These results indicate that in these patients not only accumulated CD4 + CD28 À T cells but also CD4 + CD28 + T cells have a reduced capacity for cytokine production. In contrast, the ability to produce these cytokines is relatively well maintained in CD8 + T cells.
Diminished polyfunctional T-cell responses in young HaploSCT recipients
To further investigate the impaired cytokine production by CD4 + T cells in these patients, polyfunctional analysis was performed using the dataset in Figure 2 . Polyfunctional T cells producing multiple immune mediators, such as cytokines, provide a more effective immune response to a pathogen. 37, 38 Figure 3a shows a polyfunctionality profile of CD4 + T cells in response to TCR stimulation based on their CD28 expression. The bar graphs represent the average frequency of the listed mediator combination (Figure 3b ). These data revealed that the frequency of polyfunctional T cells was reduced in the patients and was more marked in CD4 + T cells than in CD8 + T cells and in CD28 + T cells than in CD28 À T cells ( Figure 3b ). Taken together, these findings demonstrate both quantitative and qualitative impairment in the ability of patient CD4 + T cells to produce major effector cytokines compared with donor cells.
No difference between patients and donors in the capacity of cells to proliferate
We next examined the ability of patient immune cells to proliferate upon TCR stimulation (Figure 4 ). Consistent with previous findings, 39, 40 CD28 À cells showed significantly reduced proliferation compared with CD28 + T cells (Supplementary figure 1 ). However, there was no difference in the frequency of cells that underwent cell division between patients and donors (Figure 4a-c), indicating an intact proliferative capacity of accumulated CD28 À T cells in the patients. 
Telomere length is preserved in T cells of young HaploSCT recipients
Telomere attrition caused by extensive proliferation has been reported in T cells of HSCT recipients and may play a role in, or be a marker of, long-term outcomes after HSCT. 41 To analyse TL in different T-cell subsets, we utilised telomere sequence-specific Flow-FISH combined with cell surface staining ( Figure 5 and Supplementary figure 2). Consistent with previous reports, 42, 43 TL in senescent CD28 À T cells was found to be significantly decreased compared to naive T cells in both patients and donors (Figure 5a, b ). Of interest, the TL of CD28 À senescent T cells in patients was comparable, or even significantly longer, than that of donors (Figure 5c, d ). This suggests that the TL of patient T cells is relatively well preserved during immune reconstitution. However, the TL of patient T cells predominantly correlated with that of donor T cells (Figure 5e ).
CD28 À T cells of young HaploSCT recipients exhibit increased expression of c-H2AX
It has been demonstrated that cellular senescence is associated with an increased DNA damage. 13 c-H2AX is used as a DNA damage marker, and its level is increased in CD28 À CD57 + T cells. 44 We found that the patients had a higher level of c-H2AX-expressing CD28 À senescent T cells compared with the donors (Figure 6 ). Lanna et al. recently reported that spontaneous activation of p38 in senescent CD4 + T cells can be driven by DNA damage signalling. 45, 46 Therefore, we examined whether accumulated CD4 + CD28 À T cells in patients exhibited phosphorylation of p38. The CD28 À T cells, but not the CD28 + T cells, showed a tendency to have increased levels of phosphorylated p38 compared with donors (Supplementary figure 3) . Our data suggest that in patients CD28 À T cells exhibit signs of DNA damage, although their telomere length does not change.
Statistical analysis of the factors influencing senescent features of CD4 + and CD8 + T cells in patients
We sought to investigate which age-related parameters of donors associate with the senescent features of patient T cells. Thus, regression analysis of the measured parameters was performed in patients and donors. The features of immune ageing of CD4 + T cells in patients were primarily affected by the age of donors, whereas the CD8 + T cells of patients were more influenced by the frequency of CD8 + CD28 À T cells in donors than their age (Figure 7a-f ). Since the age difference between donors and recipients was relatively constant (31.33 AE 4.22 years) (Supplementary figure 4a) , the age-related features associated with the age of donors may also be attributed to the age of patients. To test this, correlation analysis was conducted between the measured parameters of patients and their age (Figure 7g -i and Supplementary figure 4b) . Overall, the measured parameters, which are related to immunosenescent changes, showed more robust correlation with patient age than with donor age, implicating that the young immune environment of patients may in part influence the senescent features of their T cells. Additionally, CMV reactivation status stratified by CMV antigenemia levels had no effect on the data presented in this study (Supplementary figure 5) . These findings suggest that immunosenescent features of CD4 + and CD8 + T cells in young HaploSCT recipients are differentially influenced by various donor and patient factors.
DISCUSSION
HaploSCT is a curative treatment for paediatric and adolescent patients with high-risk haematologic malignancies or primary immunodeficiency diseases when HLA-matched sibling or unrelated donors are not available, or transplantation is urgently needed. Although accumulating evidence suggests that HSCs derived from older donors can result in ageing-related immune dysfunction in the recipient, 47-51 few studies have described the senescent features of these reconstituted immune cells. To our knowledge, this is the first paired comparison study of the immunosenescent characteristics of parent and child immune cells after HaploSCT.
Here, we found that patients had a marked increase in senescent CD28 À and CD57 + T cells and their T cells showed a reduced ability to produce cytokines and impaired polyfunctionality upon PMA or TCR stimulation compared with parental donors. However, the TCR-mediated proliferation capacity of patient T cells was intact and TL was preserved or longer in senescent CD28 À T cells compared with parental donors. Moreover, phosphorylation of H2AX (called c-H2AX), a sensitive biomarker for DNA damage, was higher in senescent T cells of patients than in those of parental donors. Regression analysis revealed that senescent features of CD4 + and CD8 + T cells in patients are influenced by the age and CD28 À Tcell frequency of parental donors, respectively.
Immunosenescence, defined as age-related dysfunction of the immune system, contributes to deterioration of immune responses and fundamentally impacts health and survival in the elderly. 17 Loss of CD28 is considered a hallmark of senescent T cells, and CD28 À T cells gradually expand in the periphery with advancing age. 17, [27] [28] [29] Our data clearly show that the frequency of senescent CD28or CD57 + T cells is higher in patients than in parental donors (Figure 1d, e) . Although, because of ethical issues, only a limited number of studies have examined CD28 À T cells in healthy children, both CD4 + CD28 À (7.0 AE 1.63%) and CD8 + CD28 À T cells (57.2 AE 4.37%) appear to be markedly increased in patients in our cohort compared with previous studies where approximately 2% of CD4 + T cells were found to be CD28 À and 15% of CD8 + T cells were CD28 À in healthy children with a median age of 9 years. 52, 53 Of note, the frequency of CD28 -T cells in our patients is comparable to that of approximately 60-year-old healthy individuals, 23, 28 suggesting premature ageing in our patient group. A growing body of evidence has revealed that CD4 + CD28 À T cells are significantly expanded in an age-inappropriate manner in patients with many chronic inflammatory diseases, such as autoimmune disorders and atherosclerosis, and play a role in the pathogenesis of these diseases. 18, 27 Moreover, recent studies have demonstrated that CD8 + CD57 + T cells have an adverse effect on many cardiovascular events including arterial stiffness, acute myocardial infarction and diabetes. 31, 54, 55 Considering that HSCT might favor the emergence of established risk factors, such as hypertension, diabetes, dyslipidemia 56 and expanded CD28 À and CD57 + T cells, long-term monitoring of these cells in patients is imperative. In addition to their distinct phenotype, the impaired functions of senescent T cells, including hypoproliferative capacity and aberrant cytokine production, are well characterised. 29, 39 Our data demonstrate that production of major cytokines, including IFN-c and TNF-a, is reduced in patient CD4 + T cells (Figure 2) , whereas the overall proliferative capacity of these cells upon TCR stimulation is well maintained (Figure 4 ). Proliferation and effector function, especially cytokine production, are not rigidly linked in T cells; TCRmediated proliferation requires a higher multiplicity of TCR-CD3 immunoreceptor tyrosinebased activation motifs than canonical TCRinduced signalling events that lead to cytokine secretion. 57, 58 It has been suggested that agerelated perturbations of the TCR signalling pathway are closely linked to impaired functions in senescent T cells. 59, 60 Thus, the functional impairment seen in patient T cells in this study may not be severe enough to influence proliferation in response to TCR stimulation. Of note, not only senescent CD28 -CD4 + T cells, but also nonsenescent CD28 + CD4 + T cells showed qualitative (frequency) and quantitative (polyfunctionality) impairments of cytokine production (Figures 2 and  3) . This may indicate that the reconstitution process imposes similar replicative stress on CD4 + T cells regardless of their CD28 expression.
Unexpectedly, we observed a lack of obvious telomere attrition in patient T cells in this study (Figure 5c, d) . Since successful immune cell reconstitution occurs through extensive proliferation, 6-9 we hypothesised that there would be shortened TL in T cells of patients compared with donors because of severe replicative stress during reconstitution. In fact, early studies reported telomere shortening in adult recipients of bone marrow transplantation (BMT) and its negative effect on clinical outcomes. 10, 61 However, more recent studies suggested that telomere dynamics might be influenced by graft types (autologous vs. allogeneic), sources of cells (BMT vs. peripheral blood SCT (PBSCT)), and donor age. 8, 41 Unlike most previous studies where telomere dynamics after HSCT were evaluated in BMT recipients, 10,61 Fibbe et al. reported that at 1 year after PBSCT, the TL in patient T cells was comparable to that of donors and suggested that this could be due to the presence of a higher number of HSCs in PBSCs. 62 This discrepancy may be explained by differences in the number of infused stem cells. In our study of PBSCT using a similar number of CD34 + cells, the TL was relatively well preserved compared to that seen with BMT or PBSCT, which use a smaller number of infused HSCs. 7, 62 Because the T-cell-replete HaploSCT regimen contains mature T cells as well as HSCs, it is a growing interest on what extent infused T cells are involved in immune reconstitution. Recent studies on T-cell dynamics following HaploSCT illustrated that donor-derived naive T cells mainly differentiate into T memory stem cells (T SCM ) that play an important role for early T-cell reconstitution in patients. In the meantime, proliferating effector/ memory T cells are preferentially depleted by PTCy administration. 63, 64 Of importance, senescent CD28 À T cells proliferate robustly to IL-15, which is a markedly increased homeostatic cytokine under post-transplant lymphopenic milieu. 65, 66 Therefore, it is likely that infused CD28 À T cells are efficiently depleted by PTCy administration. On the basis of the published data on T-cell dynamics and our data on TL of patients ( Figure 5) , 7,62 we presume that a majority of reconstituted CD28 À T cells in patients may be replenished from T SCM or survived memory T cells that typically have a longer TL than donorderived infused CD28 À T cells, whereas naive T-cell pool in patients is primarily reconstituted by thymus-dependent de novo generation from transplanted HSCs. In agreement with our data (Figure 5c, d) , Sousa et al. showed that TL of reconstituted T cells in HaploSCT patients was preserved or slightly longer than relative parental donors although TL of patients was shortened compared with age-matched healthy donors. 7 Previous and our study suggest that telomere shortening, if any, in the T cells of HaploSCT recipients does not exceed age-dependent telomere shortening normally occurring in T cells of the parental donor.
Regression analysis revealed that donor age is the main factor associated with ageing of CD4 + T cells, whereas the frequency of CD28cells in CD8 + T-cell pool correlates with features of CD8 + T-cell ageing (Figure 7) . The reconstitution dynamics of T cells differ between the CD4 + and CD8 + T-cell compartments although the underlying mechanism is unclear. 8 Recent studies suggest that CD4 + T-cell reconstitution is delayed compared with CD8 + Tcell reconstitution. This is likely due to greater reliance of CD4 T cells on de novo generation in the thymus. 67, 68 Given the strong correlation between donor age and ageing of patient CD4 + T cells in our study, it seems likely that HaploSCT with younger parental donors would provide more favorable conditions for CD4 + T-cell reconstitution. However, future studies will be needed to determine whether this is the case.
Endogenous DNA damage leads to an increase of c-H2AX in senescent T cells and enhanced autophosphorylation of p38 in senescent CD28 À CD4 + T cells. [44] [45] [46] In this study, we found a significant increase in the expression of c-H2AX, which indicates the presence of DNA double-strand breaks, in senescent CD4 + and CD8 + T cells of patients compared with donors ( Figure 6 ). This increased DNA damage is likely caused by extensive proliferation or a reduction in the DNA repair capacity of the reconstituted T cells. Accumulation of c-H2AX + cells and downregulation of genes involved in DNA damage repair have been reported in HSCs with advancing age, 69, 70 and these changes directly contribute to functional defects of HSCs. Given their nature as precursors of blood cells, replicative stress is considered an important factor for increased DNA damage in HSCs.71 Thus, it is presumably because of excessive proliferation during reconstitution that there is an increase of c-H2AX + T cells in the patients in this study.
Our study does have limitations associated with the experimental design, including a relatively small number of paired samples and lack of a control population of patients receiving transplants from younger donors. Thus, we cannot exclude the possibility that one of the immunosuppressant treatments causes the ageing of these cells. Thus, further studies using welldesigned larger cohorts will be needed to address these issues.
In conclusion, in paediatric HaploSCT recipients, T cells undergo premature immunosenescent changes and exhibit functional defects. Further, there is an increased level of DNA damage in patient CD4 + T cells compared to those of parental donors. Therefore, long-term, comprehensive immune monitoring of these patients is necessary.
METHODS
Study population and design
Twenty-one patients who underwent HSCT at Seoul National University Children's Hospital between February 2014 and January 2017 and the corresponding parental donors were enrolled. Patients, who received HaploSCT from parental donors, were alive at least 1 year after transplantation, and were free of primary disease and chronic GVHD without the use of any systemic immunosuppressant, were included. For T-cell analysis, peripheral blood samples were collected from patients and donors on the same day. Median initial sampling time from HaploSCT was 514 days (range, 377-1180 days), and 11 patient and donor pairs underwent additional sampling because the sample was insufficient to conduct some experiments. At the time of sampling, no patient had active infection or persistent viremia. This study was approved by the IRB of Seoul National University Hospital (H-1702-058-831), and all patients and donors provided written informed consent or assent prior to the study.
Transplantation protocol and supportive care À4), and cyclophosphamide (14.5 mg kg À1 once daily via IV from days À3 to À2). The initial busulfan dose on day À8 was 120 mg m À2 for patients aged ≥ 1 year and 80 mg m À2 for patients aged < 1 year, administered once daily. The subsequent targeted dose of busulfan from days À7 to À5 was calculated by using therapeutic drug monitoring, targeting the total target area under the curve at 74 000-76 000 lg 9 h L À1 . The same regimen was used for malignant and nonmalignant diseases. For GVHD prophylaxis, PTCy (50 mg kg À1 once daily intravenously via IV on days 3 and 4), tacrolimus (from day 5) and mycophenolate mofetil (from days 5 to 35) were administered. Tacrolimus was generally used until 8 months after HSCT for malignant diseases and until 1 year after for nonmalignant diseases. Prophylactic treatments for veno-occlusive disease (VOD) and infections were performed according to our institutional guidelines for HSCT. 72 More detailed information is provided in our previous publication. 2 Donor chimerism was regularly measured through the molecular analysis of short tandem repeat regions, and all patients achieved complete donor chimerism. Neutrophil engraftment was defined as the first of 3 consecutive days on which the absolute neutrophil count was > 0.5 9 10 9 L À1 , and platelet recovery was defined as the day on which the platelet count was > 20 9 10 9 L À1 , without platelet transfusions in the prior 7 days.
Cell preparation and flow cytometric analysis
Peripheral blood mononuclear cells (PBMCs) were isolated from blood by density gradient centrifugation (Biocoll Separating Solution; BIOCHROM, Cambridge, UK) and stained with at 4°C for 25 min with the antibodies (Abs) to CD4, CD8, CD28, CCR7 (four from BD Biosciences, Franklin Lakes, NJ), CD3, CD45RA (both from BioLegend, San Diego, CA), CD57 and CD85j (both from eBiosciences, San Diego, CA). All the information of Abs used in this study for flow cytometry analysis was listed in Supplementary table 1 . Stained cells were acquired by Fortessa-X20 or LSRFortessa (BD Biosciences) and analysed using FlowJo software (Tree Star, Ashland, OR).
CFSE dilution assay and intracellular cytokine staining
Frozen PBMCs were thawed and immediately incubated in RPMI 1640 medium supplemented with 10% FBS, 100 U mL À1 penicillin, 100 lg mL À1 streptomycin and 2 mM L-glutamine (henceforth, complete RPMI 1640) for 12 h at 37°C and 5% CO 2 . To analyse proliferative capacity of T cells, cells were labelled with carboxyfluorescein succinimidyl ester (CFSE; Invitrogen, Carlsbad, CA) and stimulated for 5 days on the 96-well flat-bottom plate coated with 1 lg mL À1 of anti-CD3 and anti-CD28 Abs (OKT3 and CD28.2, respectively; eBiosciences). For intracellular cytokine staining (ICS), cultured cells were restimulated for 4 h with PMA and ionomycin (both from Sigma-Aldrich, St. Louis, MO) or plate-bound anti-CD3 Ab in the presence of Brefeldin A (Cell Signaling Technology, Danvers, MA) and anti-CD107a Ab. Stimulated cells were stained with Abs to CD3, CD4, CD8 and CD28, followed by fixation and permeabilisation (BD Cytofix/Cytoperm Solution Kit; BD Biosciences). Fixed cells were stained with Abs to IFN-c, TNF-a and MIP-1b. Stained cells were acquired by Fortessa-X20 or LSRFortessa and analysed using FlowJo software and SPICE program (ver. 5.0, NIH, Bethesda, MD).
Measurement of telomere length
Telomere length was analysed in PBMCs by flow cytometrybased fluorescence in situ hybridisation (Flow-FISH) combined with cell surface staining as previously described. 73, 74 In brief, thawed PBMCs (5 9 10 6 cells 100 lL À1 ) were stained at 4°C for 25 min with Abs to CD3, CD28, CD4, CD8 and CD45RA. After washing with staining buffer, cells were stained with Cy3conjugated streptavidin (BioLegend). Samples were washed and re-suspended in 200 lL of PBS (-), followed by fixation with 200 lL BS 3 solution (final 4 mM, Thermo Scientific) for 30 min on ice. After incubation, 8 lL of 1 M Tris-HCl (pH 8.0, final 20 mM) was added into samples for quenching. Cells were washed twice and mixed with 1.2 9 10 6 mouse splenocyte as an internal control, followed by re-suspension with 300 lL of hybridisation buffer supplemented with 70% deionised formamide (Invitrogen), 10 mM Tris, and 1% BSA with or without 20 nM of the telomere-specific PNA TelC-Cy5 probe (Panagene, Daejeon, Korea). After heat denaturation of DNA for 10 min at 80°C using a Thermomixer (Eppendorf, Hamburg, Germany), samples were rapidly chilled on ice for 2 min and left to hybridise for 2 h at room temperature in the dark. Calibration beads (Rainbow particle; BioLegend) were acquired alongside samples at each experiment to correct daily fluctuations in the intensity and alignment of the laser.
Phosphoflow of p38 and c-H2AX
Freshly isolated PBMCs were incubated in complete RPMI 1640 medium for 2 h at 37°C with 5% CO 2 . Cells were stained at 4°C for 25 min with Abs to CD4, CD8, CD28, and CD57. Samples were fixed with 2% paraformaldehyde at 37°C for 10 min, followed by permeabilisation with 1 mL ice-cold 70% MtOH on ice for 30 min. After washing steps, cells were stained with Abs to CD3, CD45RA, phosphor-p38 or c-H2AX at 4°C for 30 min in the dark. The stained cells were washed in staining buffer and immediately acquired by Fortessa-X20.
Statistical analysis
Two-tailed Wilcoxon matched-pairs signed rank tests, Mann-Whitney U-tests or Spearman correlation analysis were utilised to analyse data using Prism 7 software (GraphPad Software Inc.). P-values of <0.05 were considered statistically significant.
